Abstract. The chemopreventive efficacy of cranberry juice concentrate in an experimental model of urinary bladder cancer was evaluated using female Fischer-344 rats. The animals received N-butyl-N-(4-hydroxybutyl)-nitrosamine (OH-BBN) for a period of eight weeks. Cranberry juice concentrate was administered at doses of 1.0 or 0.5 ml/rat/ day beginning one week after the final OH-BBN treatment and continuing until the end of the study. The urinary bladders of all the rats were weighed and examined grossly for lesions, and all masses were submitted for pathological evaluation. A dose-dependent preventive effect of cranberry treatment was observed, with a reduced number of urinary bladder cancers (38%) in the 1.0 ml/rat/day group versus the control group. The cranberry extract neither affected body weight gain nor caused other signs of toxicity. For the metabolic studies, serum and urine were collected at 4 and 12 h after the administration of the cranberry juice concentrate and were analyzed by LC-MS/MS. Quercetin and its methylated derivative were detected in the urine samples. However, no quercetin was detected in the serum samples, indicating its poor bioavailability. These data suggest that components of cranberries may be effective in preventing urinary bladder carcinogenesis.
Introduction
Numerous epidemiological data have supported the inverse relationship between the consumption of fruit and vegetables and the incidence of urinary bladder cancer (1, 2) . The preventive effects of green tea leaves and one of its major components, epigallocatechin gallate (EGCG), have been reported for bladder cancer (3, 4) . The role of diet as a cause of urinary bladder carcinogenesis is feasible since most substances and/or their metabolites (including carcinogens) are excreted through the urinary tract. Importantly, the urinary concentration of these substances is substantially higher than in other tissues, thereby, enhancing their harmful activity. Foods that also contain significant amounts of cancer-preventive components may provide desirable health benefits beyond a basic nutritional function.
The American cranberry (Vaccinium macrocarpon) contains the highest percentage of polyphenols by weight among 20 fruits analyzed in a previous study (5) . Cranberry juice is well known for its possible beneficial effects in urinary tract infections (UTI), and considerable attention has been given to its active components and mechanism of action in vivo (6) . Quercetin ( Fig. 1) , one of the major phytochemicals of the cranberry, has been reported to be a growth inhibitor of primary bladder transitional cell cancers in humans (7) . Cancers of the urinary bladder were not observed in rats given a 5% quercetin diet (8) . Synergistic or additive antiproliferative interactions of phytochemicals in a cranberry extract have recently been reported in several human tumor cell lines (9) .
Cranberry juice may be active in the prevention of UTI by blocking cell proliferation. Non-steroidal anti-inflammatory drugs (NSAIDs), which have antiproliferative activity, have been shown in our laboratories to be highly active in preventing urinary bladder cancer (10) . It was felt, therefore, that cranberry juice may be active in preventing urinary bladder carcinogenesis due to its antiproliferative activity. Preliminary data on the preventive activity of cranberries in vitro exist (11) . However, there have been no reports on their preventive efficacy against urinary bladder cancer in vivo. In our study, the effect of cranberry juice concentrate on urinary bladder carcinogenesis induced by a chemical carcinogen was investigated, and the metabolic fate of its major flavonoid (quercetin) in urine and blood was determined by LC-MS/MS. Six-week dose selection study. A dose selection study lasting six weeks was performed to determine a non-toxic dose of the cranberry juice concentrate. When the rats were 56 days of age, the administration of the cranberry concentrate by gavage (using water to dilute) was initiated as follows: Group 1, concentrate (no dilution); Group 2, concentrate (1:1 dilution); Group 3, concentrate (1:2 dilution); Group 4, concentrate (1:4 dilution) and Group 5, water only. The volume of each gavage was 1.0 ml and was given daily, 7x/week, for six weeks. The rats were weighed 2x/week and checked daily for signs of toxicity. At termination of the study (98 days of age), all of the animals were necropsied and checked for gross lesions. Based on the data obtained, dose levels of 1.0 and 0.5 ml/rat/day of undiluted cranberry juice concentrate were selected for the long-term prevention study.
Materials and methods

Chemicals
Chemoprevention study. Beginning when the female Fischer-344 rats were 56 days of age, OH-BBN was administered by gavage 2x/week for eight weeks. Each dose was 150 mg OH-BBN dissolved in 1.0 ml ethanol-water (25:75 v/v). The total dose of OH-BBN administered was, therefore, 2400 mg/rat. The rats were treated with the cranberry concentrate starting one week after the final OH-BBN dose and continuing until the end of the study (gavaged daily, 7x/week). The groups established were: Group 1, cranberry concentrate (1.0 ml/rat/ day); Group 2, cranberry concentrate (0.5 ml/rat/day) and Group 3, water only. Sufficient cranberry concentrate was initially obtained so that only one lot was used throughout the study. The study was terminated six months after the last OH-BBN treatment. The rats were observed daily, weighed weekly and palpated for urinary bladder lesions twice weekly. The animals were sacrificed when they developed a large palpable urinary bladder tumor or were observed to have bloody urine. At necropsy, the urinary bladders were weighed and then inflated with 10% buffered formalin. After fixation, the bladder was observed under a high intensity light for gross lesions. Each lesion was dissected and processed (H&E-stained) for histological classification. Urinary bladder cancer incidence was analyzed by Fisher's exact test.
Determination of the total phenolics. The total phenolics in cranberry juice concentrate were determined by the FolinCiocalteu method with minor modifications (12) . Briefly, 200 μl of cranberry juice concentrate was diluted to 2 ml in 80% methanol in water containing 0.1% formic acid. The solution was vortexed and further diluted 5-, 10-and 100-fold. Each sample (200 μl, three replicates) was reacted with 1.0 ml of the Folin-Ciocalteu reagent and 1.0 ml of sodium carbonate (7%). The reaction was thoroughly mixed and allowed to stand for 2 h at room temperature. The absorption at 726 nm was measured (Beckman Coulter, Inc., Fullerton, CA). The total phenolic content was expressed as vanillic acid equivalents in mg/ml.
Extraction and LC-MS analysis of cranberry juice concentrate.
Cranberry juice (0.5 ml) was extracted with 3 ml of ethyl acetate twice and evaporated to dryness. The sample was reconstituted with 500 μl of 80% methanol in water. LC-MS and LC-MS/MS analyses of the ethyl acetate extract of the cranberry juice were performed using a system consisting of a model SIL-HT refrigerated Shimadzu autosampler and HPLC instrument (Shimadzu Scientific Instruments, Inc., Columbia, MD), and an API 4000 mass spectrometer (Applied Biosystems/MDS Sciex, Concord, Ontario, Canada). Chromatography was carried out on a reversed-phase RP300 column (100x2.0 mm i.d.) pre-equilibrated with 10 mM ammonium acetate (NH 4 OAc). Separations were effected by a linear gradient starting with 5% B, 0-15 min; 80% B, 16 min; 5% B and stopped at 20 min. The column effluent was introduced into the mass spectrometer using electrospray ionization (ESI) in the negative mode. Nitrogen was used as a nebulizer, gas 1 and curtain gas. The nebulizer current and temperature were 5 amps and 5000˚C, respectively. The collision gas (N2) was set at high and collision energy was -45 eV. The LC-MS system was controlled by BioAnalyst 1.4 software.
Metabolic studies. Serum and urine were collected at 4 and 12 h after gavaging the rats with cranberry juice concentrate. The urine and serum samples were prepared by a liquid-liquid extraction method after hydrolysis. Apigenin was added as an internal standard to each sample (0.5 ml urine or 0.1 ml serum) before hydrolysis with ß-glucuronidase and aryl sulfatase in 150 mmol/l ammonium acetate buffer, pH 5.0, for 16 h at 37˚C. The samples were extracted with hexane to remove neutral lipids, extracted with ethyl acetate, evaporated to dryness, and finally reconstituted in 100 μl 80% aqueous methanol. LC-MS and MS/MS analyses were performed using a system consisting of a model SIL-HT refrigerated Shimadzu autosampler (Shimadzu Scientific Instruments, Inc.), and an API-III triple quadrupole mass spectrometer (PE Sciex, Concord, Canada). Chromatography was carried out on a 100x4.4 mm i.d. Aquapore RP-300 reversed-phase column (Perkin-Elmer, Shelton, CT) pre-equilibrated with 10 mM ammonium acetate (NH 4 OAc).
Multiple reactions monitoring (MRM) was used to perform a mass spectrometric detection of quercetin and its metabolitemethyl quercetin in biological fluids. The MRM method delivers a unique product ion that can be monitored and quantified in the midst of a complex biological matrix. For MRM, we developed a chromatographic run consisting of an isocratic of 30% acetonitrile in 10 mM NH 4 OAc with a flow rate of 0.1 ml/min over 10 min. The column effluent was introduced into the mass spectrometer using electrospray ionization in negative mode. The voltage on the Ionspray interface was -4900 V and the orifice potential was set at -50 V. Selected [M-H]-(deprotonated molecular ions) were analyzed by collision-induced dissociation with 90% argon to 10% nitrogen gas, and the product ion spectra were recorded. The MRM analysis was conducted by monitoring the precursor ion to product ion transitions from m/z 301/151 (quercetin), 301/272 (quercetin), 315/299 (methyl quercetin) and 269/149 (apigenin). The chemical structure of quercetin is shown in Fig. 1 .
Results
Total phenolics and LC-MS analysis of the cranberry juice extract. As mentioned earlier, cranberry is one of the richest sources of polyphenols. The standardization and quality control of cranberry juice concentrate is important when evaluating its biological activity. The Folin-Ciocalteu assay is widely used for the quantification of total phenolic content in food or dietary-supplemented products, and is based on the reaction of phenolic compounds with the reagent (13) . The amount of total phenolics in cranberry juice concentrate was 9.57±0.50 mg vanillic acid equivalent/ml. LC-MS and MS/MS techniques were also used to provide a qualitative analysis of cranberry polyphenols in the sample. LC-MS and MS/MS analyses of the ethyl acetate extract of cranberry juice showed several molecular ions corresponding to proanthocyanidins, anthocyanins, flavonoids and organic acids. The proanthocyanidin dimer A type (m/z 575) and monomeric catechin or epicatechin (m/z 289), detected in the LC-MS analysis (Fig. 2) of the extract, were further identified by LC-MS/MS. Flavonoids and anthocyanins exist predominantly in conjugated form with various sugars (pentose and hexosides), which may significantly influence its bioavailability and absorption. As can be seen in Fig. 2 Animal studies. A dose selection study was performed in Fischer-344 rats using four doses of the cranberry concentrate. As shown in Fig. 3 , even treatment with 1.0 ml/day of the undiluted cranberry concentrate did not alter the body weight gain of the rats. No other signs of toxicity were evident during the study. Based on these data, doses of 1.0 and 0.5 ml of the concentrate were selected to be gavaged daily (7x/week) for the chemoprevention study.
Rats were administered cranberry juice concentrate by gavage beginning one week after the final carcinogen treatment in the prevention study (Table I) . At the end of the study (six months after the final dose of OH-BBN), the urinary bladders containing the lesions were weighed. In the controls, the average weight of the bladder was 310 mg. Cranberry concentrate caused a reduction in the weight of the bladders by 31% at the high dose and 5% at the low dose, indicating a decrease in tumor size and suggesting a decrease in cell proliferation. With regard to bladder cancer multiplicity, the controls developed an average of 2.0 cancers/rat, while 1.0 ml/ day of the cranberry concentrate caused a 38% reduction in the cancer number. Treatment with 0.5 ml/day of the concentrate caused a non-significant decrease of only 7% in the bladder cancer number. Decreases in the number of urinary bladder papillomas in the cranberry concentrate-treated rats were also observed, but because of the small number in the controls this was not considered to be biologically significant. The data collected for hyperplasia may have been even more significant had it not been for technical difficulties associated with accurately quantitating these lesions, particularly in the controls which tended to develop large palpable tumors that nearly filled the bladder (thus, making it difficult to count small hyperplastic lesions).
At the end of the study, the effects of cranberry juice concentrate on various organ weights were also determined. As examples, the weights of the liver, uterus, ovaries and kidneys are shown in Table II . Neither the weights nor histology of the organs were altered by administering the cranberry juice concentrate.
Analytical data. After a single dose of cranberry juice concentrate (1.0 ml/rat/day), urine and serum samples were collected and analyzed after ß-D-glucuronidase and sulfatase hydrolysis. Quercetin and methyl quercetin in urine and serum samples were investigated in the MRM mode for higher sensitivity and selectivity. As can be seen in Fig. 4 , quercetin and methyl quercetin were readily detected in the urine c The average number and weight of urinary bladder lesions at the end of the study (six months after the final OH-BBN treatment). Table II . Effects of cranberry juice concentrate on body weights and organ weights at end of the prevention study. _____________________________________________________________________________________________________ Organ weights/100 g BW ratio samples collected 4 and 12 h after cranberry juice concentrate treatment. Surprisingly, no quercetin was detected in the serum samples after enzymatic hydrolysis.
_____________________________________________________________________________________________________
-------------------------------------------------
Discussion
The OH-BBN-induced model induces a high incidence of urinary bladder cancers in Fischer-344 rats within six months of carcinogen administration. The tumors are classified as transitional and squamous cell urinary bladder cancers or papillomas that are histologically similar to those occurring in humans (14) (15) (16) . A genetic characterization of the cancers has only recently been started, but already two genes that are commonly associated with bladder cancers in humans, fragile histidine triad (FHIT) and survivin, have been shown to alter their expression in this model (17) . This urinary bladder cancer model was previously used by our laboratories and by other investigators in the assessment of natural products and pharmaceutical compounds for their chemopreventive effects (16) (17) (18) (19) .
The data collected in this study suggest that cranberry juice concentrate may be inhibiting urinary bladder cancers by altering cell proliferation. Cranberries were recently shown to inhibit the induction of ornithine decarboxylase (ODC), an enzyme involved in tumor cell proliferation and in epithelial cells (20) . In a comparison of the antiproliferation activities of 11 fruit-soluble free extracts on the growth of HepG2 human liver cancer cells in vitro, cranberries exhibited the highest activity in a dose-dependent manner (21) . The inhibition of the proliferation of MCF-7 and MDA-MB-435 breast cancer cells has also been reported (22) . Seeram and colleagues (9) found antiproliferative effects of total cranberry extracts and a polyphenol fraction of the extract in human oral, colon and prostate cancer cell lines. During the last few years, numerous studies have shown that NSAIDs, agents that inhibit cell proliferation, are highly active in the prevention of urinary bladder cancer. The OH-BBN model in either rats or mice has primarily been used in these studies. Rao and co-investigators (23) reported that aspirin, sulindac and ketoprofen were effective inhibitors of bladder carcinogenesis in mice. Other reports indicated that piroxicam, celecoxib and nimesulide were also active against OH-BBN-induced urinary bladder cancers (10, 24, 25) . These studies, therefore, indicate that bladder cancers can be prevented by agents that inhibit cell proliferation, and that cranberries contain compounds that have antiproliferative activity.
Several reports have indicated that cranberries contain compounds that have antioxidative actions (e.g., proanthocyanidins) that could influence carcinogen activation (26, 27) . However, in our study, cranberry juice concentrate was not given until after carcinogen treatment so that the effect must have occurred on the promotion/progression stages of the carcinogenic process. Although our data suggest that the preventive efficacy of cranberries is due to the inhibition of cell proliferation, at least one report has demonstrated that cranberries can impair angiogenesis and, therefore, prevent tumor growth (28) , suggesting another possible mechanism.
It is possible that the total phenolics or individual phenolic compounds in cranberry juice may be related to its preventive efficacy. The cranberry concentrate not only had high levels of phenolics (9.57±0.50 mg vanillic acid equivalent/ml) but also contained a wide range of phenolic compounds as indicated by the LC-MS analysis. Quercetin and its glycosides are the major phytochemicals of cranberry juice concentrate, and their metabolism and bioavailability are complex. Emerging evidence has indicated that these flavonoids are metabolized by UDP-glucuronyl transferase, sulfotransferases and methyl transferase forming several glucuronidated, sulfated and methylated conjugates, respectively, prior to reaching the systemic circulation (29) (30) (31) (32) . We, therefore, analyzed aglycone quercetin and its methyl derivative in the urine and serum samples after enzymatic hydrolysis.
The LC-MS analysis of the urine samples collected after gavaging cranberry juice concentrate showed peaks corresponding to quercetin and methyl quercetin. Further characterization by LC-MS/MS showed that the deprotonated molecular ion of quercetin had a prominent product ion at m/z 151. This product ion can be produced from a retro DielsAlder reaction, resulting in the cleavage of the heterocyclic ring of quercetin (33) . This ion appears to be a diagnostic product ion for quercetin and its derivatives as it was also observed in the product ion spectrum of the ion at m/z 315.
Quercetin and methyl quercetin were also evaluated in the urine and serum samples using the MRM mode for higher sensitivity and selectivity. Although found in the urine, quercetin was not detected in the serum samples after enzymatic hydrolysis. Our results agree with a previous report that little or no quercetin is detected in the plasma after the ingestion of either pure aglycone or grape juice (34) . A poor bioavailability of quercetin (mostly in the glycoside form) from red wine has also been reported (35) . Previous studies have indicated that 75-99% of ingested quercetin glycosides are not recovered in urine and that the quercetin levels in human plasma rarely exceed 1 μM after consuming a common quercetin-containing diet (36) . The current data demonstrate that quercetin and its metabolites concentrate in the urine, and are available to the urinary bladder >12 h after administration.
In summary, the present study shows for the first time that components of cranberry juice can prevent urinary bladder cancers in an in vivo model. Furthermore, the effect was observed when the cranberry juice concentrate was administered during the promotion/progression stage of the carcinogenic process. The decreased number and size of the urinary bladder cancers suggest that cranberry juice had an antiproliferative activity.
